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Potato leafroll virus (PLRV) is a positive-strand RNA virus that generates subgenomic RNAs (sgRNA) for
expression of 30 proximal genes. Small RNA (sRNA) sequencing and mapping of the PLRV-derived sRNAs
revealed coverage of the entire viral genome with the exception of four distinctive gaps. Remarkably,
these gaps mapped to areas of PLRV genome with extensive secondary structures, such as the internal
ribosome entry site and 50 transcriptional start site of sgRNA1 and sgRNA2. The last gap mapped to
500 nt from the 30 terminus of PLRV genome and suggested the possible presence of an additional
sgRNA for PLRV. Quantitative real-time PCR and northern blot analysis conﬁrmed the expression of
sgRNA3 and subsequent analyses placed its 50 transcriptional start site at position 5347 of PLRV
genome. A regulatory role is proposed for the PLRV sgRNA3 as it encodes for an RNA-binding protein
with speciﬁcity to the 50 of PLRV genomic RNA.
Crown Copyright & 2013 Published by Elsevier Inc. All rights reserved.Introduction
Potato leafroll virus (PLRV) causes signiﬁcant yield and quality
losses to infected potato (Solanum tuberosum L) world-wide. As a
member of the genus Polerovirus within the Luteoviridae family
(D’Arcy and Domier, 2005), PLRV is transmitted by aphid vectors
in a circulative, non-propagative manner and is conﬁned to the
phloem tissues of the infected plant (Harrison, 1999; D’Arcy et al.,
2000). PLRV has a non-polyadenylated single-stranded positive-
sense RNA genome of 5883 nt with a 7.2 kDa genome-linked
protein attached covalently at the 50 terminus. Several transla-
tional strategies are utilized by PLRV to express and regulate the
compact genome of eight open reading frames (ORFs), including a
ribosomal frameshift, an internal ribosome entry site (IRES)
mediated translational initiation, an initiation bypass, read-
through of an amber stop codon, proteolysis of primary transla-
tion protein and synthesis of subgenomic RNAs (sgRNAs) (D’Arcy
and Domier, 2005; Jaag et al., 2003; Taliansky et al., 2003).013 Published by Elsevier Inc. All
Kawchuk).
.Positive-sense RNA viruses synthesize sgRNAs messenger RNA
(mRNAs) to allow them to regulate the timing and expression
levels of their downstream genes on the 30-terminus of the viral
genome (Sztuba-Solinska et al., 2011). Translation of the viral
replicase directly from gRNA is required for the synthesis of
sgRNAs (Sztuba-Solinska et al., 2011). sgRNAs are synthesized
shorter than their cognate gRNA that are co-terminal either to the
50 or 30 of genomic sequence. The synthesis of sgRNAs facilitates
the translation of viral proteins (structural or movement proteins)
that function at the intermediate and late stages of infection
(Sztuba-Solinska et al., 2011).
In PLRV, gRNA provides expression of ORFs 0–2 and Rap1,
while the remaining ﬁve downstream PLRV ORFs are expressed
from translation of sgRNA1 (Miller and Mayo, 1991; Tacke et al.,
1990) and sgRNA2 (Ashoub et al., 1998). ORF0 and ORF1 encode
for a 28 kDa silencing suppressor protein (Pfeffer et al., 2002;
Fusaro et al., 2012) and a 70 kDa viral proteinase (Pru¨fer et al.,
1999; Sadowy et al., 2001), respectively. An internal ribosome
entry site (IRES) and ribosomal frameshifting located within ORF1
and overlaps of ORF1/ORF2, with stable RNA structures, allow for
efﬁcient production of 118 kDa viral replicase ORF1/ORF2 (Pru¨fer
et al., 1992) and 5 kDa replication-associated protein (Rap1)
required for viral replication (Jaag et al., 2003). Translation of
sgRNA1 facilitates expression of ORFs 3, 4, and 5. ORF3 encodesrights reserved.
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readthrough protein, the readthrough extension of the CP
involved in aphid transmission (Tacke et al., 1990; Kawchuk
et al., 1989; Brault et al., 1995; Bahner et al., 1990). ORF4
translates in a different reading frame within the CP gene and
encodes a 17 kDa viral movement protein (Miller and Mayo,
1991; Tacke et al., 1990). ORFs 6 and 7 at the 30 terminus of
PLRV, are expressed by translation from sgRNA2, encode a 7.1 kDa
of unknown function and a 14 kDa protein with nucleic acid
binding properties (Taliansky et al., 2003; Ashoub et al., 1998;
Rohde et al., 1994).
A third sgRNA (sgRNA) located at the 30 sequence of the viral
genome was detected for several members of Luteovirus within
the Luteoviridae family, including the Barley yellow dwarf virus-
PAV (BYDV-PAV; Koev and Miller, 2000), Soybean dwarf virus
(SbDV; Yamagishi et al., 2003) and Bean leafroll virus (BLRV;
Domier et al., 2002). Because both members of the Luteoviridae
family have high homology in their 30 halves, it was hypothesized
that during infection, Polerovirus PLRV also synthesize three
sgRNAs for the expression of their 30 genome. Here, we report
the detection of a third sgRNA (sgRNA3) for PLRV through an
analysis of the small RNA (sRNA) sequencing proﬁles derived
from the PLRV-infected tissues. RNA silencing acts as plant
defense mechanism to viral infection, the antiviral defense
recognizes double-stranded RNAs produced during the replication
of the viral genome and activates the infected host RNA silencing
machineries to cleave these into sRNAs (Waterhouse, et al. 1998,
2001; Blevins et al., 2006; Fusaro et al., 2006; Kreuze et al., 2009).
Genomic PLRV sequence mapping of sRNAs revealed a gap
500 nt from the 30 terminus of the PLRV genome that suggested
the possible presence of an additional sgRNA for PLRV. Subse-
quent analyses of total RNA extracted from PLRV-infected plants
conﬁrmed the existence of a small sgRNA3 in PLRV, the ﬁrst
identiﬁed in a virus from the genus Polerovirus. The PLRV sgRNA3
exhibits several characteristics that suggest a possible regulatory
role in virus replication.Results
sRNA evidence for the existence of PLRV sgRNA3
To examine the spatial distribution of 21-nt to 24-nt viral
sRNA sequences were mapped to the PLRV genome. Distributions
of the sRNA sequences, independent of sizes, along the PLRV
genome were not uniform, high accumulation of sRNA sequence
reads were observed at the 30 region of the viral genome (position
3500–5883) (Fig. 1). It appears that the synthesis of the two
sgRNAs (i.e., sgRNA1 and sgRNA2) at the 30 end of PLRV genome
resulted in an accumulation of sRNAs at this region of the genome
due to a greater availability of dsRNAs intermediate templates
during virus infection (Miller and Mayo, 1991; Tacke et al., 1990;
Ashoub et al., 1998). The proﬁle of sRNAs generated in potato
plants infected with PLRV revealed that 21-nt, 22-nt, 23-nt and
24-nt classes of sRNAs were produced (Fig. 1). These results are
consistent with the production of different size sRNAs by the
Dicer-like (DCL) ribonuclease proteins as previously reported in
response to the presence of positive-strand RNA viruses
(Waterhouse et al., 1998; Donaire et al., 2009).
The PLRV-derived sRNAs covered the viral genome in near
saturation with the exception of four minor gaps associated with
an absence of sRNA, these gaps mapped to the approximate genomic
positions 1800, 3500, 5000, and 5300 of PLRV (as indicated with
upward arrows in Fig. 1). It has been reported that sRNA reads were
less likely to occur at regions of the genome with structural features
within the viral single-stranded RNA, such as the transcriptionalstart site of gene, making it less accessible to DCL ribonuclease
(Groszmann et al., 2011). Interestingly, three of these gaps aligned
closely to regions of PLRV genome with predicted secondary
structures, such as the internal ribosomal entry site (position
1500) for synthesis of RAP1 (Jaag et al., 2003), -1 ribosomal frame-
shift (1768–1774) (Pru¨fer et al., 1992), and the transcriptional start
sites for sgRNA1 (position 3536) (Miller and Mayo, 1991; Tacke
et al., 1990) and sgRNA2 (position 5085) (Ashoub et al., 1998).
Therefore, we hypothesized that the last sequence void of sRNA
reads towards the 30 terminus of gRNA in PLRV might correspond to
a sgRNA, reminiscent to sgRNA3 identiﬁed in several members of
Luteoviruses, including BYDV-PAV (Koev and Miller, 2000), SbDV
(Yamagishi et al., 2003) and BLRV (Domier et al., 2002).
PLRV sgRNA3 detection using quantitative PCR and northern blot
analysis
As a quick and efﬁcient method for providing evidence for
PLRV sgRNA3 transcripts, absolute real-time quantitative PCR
(qPCR) was performed. Both PLRV sgRNA2 and sgRNA3 ampliﬁca-
tion occurred in PLRV-infected potato (Fig. 2B), however, no
ampliﬁcation occurred in the healthy potato tissue or in the no
template control. Absolute quantiﬁcation with use of the full
length infectious PLRV clone suggested that the transcripts of
sgRNA3 were signiﬁcantly increased (po0.001, one tailed t-test)
in comparison to the transcripts of sgRNA2. The primer set for
application of sgRNA3 consistently ampliﬁed 2.7 folds more
copies than sgRNA2 primer set.
Northern blot analysis on the total RNAs extracts revealed that
the presence of sgRNA3 in PLRV-infected plants. However, sgRNA3
was only detected in total RNA extracts from older tissues. The
30-end speciﬁc probe [complementary to 5364–5883 nt of PLRV]
hybridized with four RNA species of approximately 6000 nt,
2300 nt, 800 nt and 500 nt (Fig. 2C). The 6000 nt, 2300 nt, and
800 nt RNA species correspond to the size of previously reported
PLRV gRNA, sgRNA1 (Tacke et al., 1990) and sgRNA2 (Ashoub et al.,
1998), respectively, while the 500 nt RNA species corresponds to
the predicted PLRV sgRNA3. No hybridization signal was detected
in the uninfected plant RNAs. Collectively, both qPCR analysis and
northern blot analysis results supported the presence of sgRNA3 in
the PLRV-infected plants (Fig. 2).
Mapping of the PLRV sgRNA3 50 terminus
We employed 50 Rapid Ampliﬁcation of cDNA Ends (50 RACE)
analyses (Zhu et al., 2001; Frohman et al., 1988) to determine the
50 terminal sequence of the PLRV RNA genome. cDNAs were
generated with primers speciﬁc for the 30 end of the PLRV by
reverse transcription of viral RNA. Southern blot analyses were
performed to verify that the three 50 RACE PCR fragments
generated, of sizes 2 kb, 1 kb and 500 nt corresponded to
sgRNA1, sgRNA2, and sgRNA3 of PLRV, respectively. As shown in
Fig. 3, sgRNA1 and sgRNA2, but not sgRNA3 were detected with
cDNA probe 1 (complementary to the position 3954–5220 of
PLRV genome). In contrast, the cDNA probe 2 (complementary to
position 5176–5883 of PLRV genome), and the cDNA probe 3
(complementary to position 5502–5883 of PLRV genome),
detected sgRNA1, sgRNA2 and sgRNA3. These results indicate
that the 50 terminal of PLRV sgRNA3 is located between position
5176-nt and 5502-nt (Fig. 3B). The 500 nt 50 RACE-PCR products
were cloned into pJET vector (Fermentas) and sequenced.
Sequence analysis of the 50 RACE-PCR clones indicated that the
50 terminus of the PLRV sgRNA3 mapped to an adenosine residue
at position 5347, which is 18-nts upstream of the ORF7 start
codon (Fig. 3C). Thus, the sgRNA3 corresponds to a RNA species of
536-nt in length.
Fig. 1. Relative abundance of PLRV-derived sRNAs recovered from small RNA sequencing of infected potato plants. (A) Distribution of 21-nt, 22-nt, 23-nt, and 24-nt
obtained for sequenced sRNA proﬁle along the viral genome, in either sense (above x axis) or antisense (below x-axis) conﬁguration. Numbers on the y-axis refer to the
relative frequency of the sum of library size-normalized reads of total sRNAs, while the x-axis indicates the distribution of rRNA reads along the PLRV genome position.
Upward arrows refer to regions of the viral genome with an absence of sRNA reads. (B) Illustration showing the genomic organization of PLRV. ORF0¼silencing suppressor,
ORF1¼polyprotein precursor/protease, ORF1/ORF2¼viral RNA-dependent RNA polymerase, Rap1¼replication-associated protein 1; ORF3¼capsid protein, ORF4¼move-
ment protein, ORF3/ORF5¼readthrough transmission protein, ORF6¼unknown function, ORF7¼PLRV genomic RNA binding protein and Rap1¼replication-associated
protein. Nucleotide positions for each ORF are shown. Solid gray line represent IRES site. Solid lines represent the sgRNA1, sgRNA2 and sgRNA3 of PLRV. The nucleotide
positions of the 50 and 30 terminus of gRNA and sgRNAs are indicated.
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In order to determine the possible function of translated viral
protein of sgRNA3, ORF7 was cloned in frame with glutathione-S-
transferase (GST) in pGEX expression vector. As expected from a
previous study (Ashoub et al., 1998), the PLRV ORF7 protein has
the capacity to bind to ribonucleic acid, as evident with the
detection of ﬂuorescein-labeled PLRV, but not the empty GST
vector (Fig. 4A). Furthermore, we show the binding activity of
pGEX/ORF7 fusion protein was speciﬁcally observed against sense
RNAs of the 50 region of the PLRV sequence (1–3303 nt) and not
the 30 sequence of PLRV (3500–5883 nt). Additional analysis
showed that the PLRV pGEX/ORF7 fusion protein stringently binds
to sense RNA of the 30 region of the PLRV (1400–3303 nt) of the 50
sequence (Fig. 4). Incidentally, the IRES, that allows for ribosomal
frameshifting for expression of viral replicase ORF1/ORF2 (Pru¨fer
et al., 1992) and Rap1 (Pru¨fer et al., 1992), is located atnucleotides 1400–3303 and suggests a possible regulatory role
for ORF7 protein, the translated product of PLRV sgRNA3.
To show that PLRV sgRNA3 could serve as template for the
translation of ORF7 in planta, the 50 transcription start site for
ORF7 was cloned in frame with green ﬂuorescence protein (GFP)
in the pBI123 binary vector. As expected, ﬂuorescence was
observed for inﬁltrations of N. benthamiana leaves with the GFP
positive control but not the empty vector (Fig. 4B). Transient
expression attributed to the transient expression of the ORF7/GFP
fusion protein was also observed following inﬁltration of N.
benthamiana leaves.Discussion
Previous studies had identiﬁed only two sgRNAs, sgRNA1 (Miller
and Mayo, 1991; Tacke et al., 1990) and sgRNA2 (Ashoub et al.,
Fig. 2. Detection of PLRV sgRNA3 with quantitative-real-time PCR and northern blot analyses. (A) Schematic organization of the 30 end of PLRV genome. Arrows represent
the primer sets used for detecting gRNA and sgRNAs. Nucleotide position of each primer set used is shown relative to the sgRNAs. (B) Transcripts expression of gRNA,
sgRNA1 and sgRNA2 detected by sgRNA2 primers are shown beside the transcript expression of gRNA, sgRNA1, sgRNA2 and sgRNA3 detected by sgRNA3 primers.
Transcript levels were signiﬁcantly higher for sgRNA3 than for sgRNA2 (po0.001). The results were based on two independent experiments, each with two technical
replicates. (C) Northern blot analysis of the total RNA from PLRV-free leaves and PLRV infected potato leaves. Sequence speciﬁc cDNA probes used for detection of the 30
terminal of PLRV (complementary to bases 5502–5883). Approximate sizes of gRNA (6000 nt), sgRNA1 (2300 nt), sgRNA2 (800 nt) and sgRNA3 (500 nt) were
estimated from RNA standard in the same gel.
Fig. 3. Characterization of PLRV sgRNA3 with 50 rapid ampliﬁcation of cDNA ends (50 RACE) and Southern analysis. (A) Schematic organization of the 30 end of PLRV
genome. Dashed lines represent the cDNA probes used for detecting different regions of the PLRV genome. Nucleotide positions of each probe used are listed below the
dashed lines. (B) Southern blot analysis of 50 RACE PCR products generated with gene speciﬁc and universal primers from cDNA synthesis with PLRV infected plants, three
bands representing sgRNA1 (2 kb), sgRNA2 (1 kb) and putative sgRNA3 (0.5 kb). Each blot was hybridized with the indicated probe. (C) The 50 initiation sequence of
sgRNA3 as determined by sequencing of clones containing the gel extracted fragment of the putative sgRNA.
Y.T. Hwang et al. / Virology 438 (2013) 61–69641998), associated with PLRV, a member of the Luteoviridae genus
Polerovirus. Several related Luteoviridae in the genus Luteovirus
have a third sgRNA3 (Koev and Miller, 2000; Yamagishi et al., 2003;
Domier et al., 2002). Here, we report the discovery of a sgRNA3 in
PLRV, initially detected via the sRNA sequencing of PLRV-infected
plants. Proﬁles of virus-derived sRNA population generated using
sRNA sequencing have been extensively used to reﬂect the target-
ing of viral genomes by several interconnected RNA silencing
pathways in host plant (Donaire et al., 2009). In response to viral
infection, viral dsRNAs are targeted by host DCL ribonuclease
proteins in host plants and processed into viral sRNAs (21-nt to
24-nt) (Kreuze et al., 2009; Haasnoot et al., 2007). Host RNA-dependent RNA polymerase uses the pathogen single-stranded
RNAs to synthesize dsRNAs, which are then incorporated into
ARGONAUTE (AGO)-containing RNA-induced silencing complexes
(RISC) to provide silencing of viral RNA species (Llave, 2010;
Voinnet, 2008). Thus, the proﬁle of sRNAs generated using sRNA
sequencing has been used extensively to discover and characterize
viruses in infected plants (Fusaro et al., 2006; Donaire et al., 2009;
Haasnoot et al., 2007; Silva et al., 2011).
Most of the sRNAs detected in PLRV-infected plants were 21-nt
and 22-nt in length (Fig. 1), thus suggesting that DCL4 and DCL2
are responsible for the antiviral defense towards PLRV. These
ﬁndings were consistent with sRNA proﬁles in other plants
Fig. 4. Nucleic acid binding capacity of the PLRV GST/ORF7 fusion protein and transient expression of PLRV ORF7/GFP fusion protein. (A) A western blot of afﬁnity-puriﬁed
GST protein (a) and GST/ORF7 protein (b) probed with monoclonal antibodies directed against GST (I). Detection of PLRV ORF7 after blotting and incubation with
ﬂuorescein-labeled RNA probes, PLRV1–3303 (II), PLRV3500–5883 (III), PLRV1–1382 (IV), and PLRV1400–3303 (V). (B) Transient expression of GFP (top), ORF7:GFP (middle), and of
pBI vector (bottom) 5 days following inﬁltration of N. benthamiana leaves.
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Donaire et al., 2009). To overcome the plant defense response,
viruses have evolved a diverse range of silencing suppressor
proteins that bind directly to sRNAs (e g. Tombusvirus p19,
Lakota et al., 2006), or affect the speciﬁc protein components
(AGO1) (targeted by CMV 2b and PLRV ORF0) to alter the RNA
silencing response (Fusaro et al., 2012; Wang et al., 2011; Csorba
et al., 2010). It has been demonstrated that effective virus
resistance is initiated by either DCL4 or DCL2, because their
elimination resulted in increased susceptibility to distinct viruses
(Kreuze et al., 2009; Deleris et al., 2006; Diaz-Pendon et al., 2007).
Conversely, it has been reported that introduction of virus
sequences into a wide range of plant species allowed for viral
protection (Waterhouse et al., 1998, 2001; Voinnet, 2008; Lakota
et al., 2006; Kawchuk et al., 1991, 1997). As a general response to
viral infection, the increase of sRNAs production directs sequence-
speciﬁc degradation of viral gRNA and sgRNA, thereby providing
host protection against viruses (Waterhouse et al., 1998, 2001;
Llave, 2010).
Close examination of the PLRV-derived sRNAs proﬁle aligned
against PLRV genome revealed four discrete areas associated with
an absence of sRNA (Fig. 1). Interestingly, three of these gaps
aligned to regions of the PLRV genome previously associated with
extensive secondary structures, including the IRES site for tran-
scription of Rap1 (Jaag et al., 2003), and the transcriptional start
site of sgRNA1 (Miller and Mayo, 1991; Tacke et al., 1990), and
sgRNA2 (Ashoub et al., 1998). The last region that associated with
an absence of sRNA reads mapped to the 500 nts from the 30
terminus of PLRV genome. Mapping of the PLRV sgRNA3 with 50
RACE and Southern blot analyses placed the 50 initiation site for
sgRNA3 at position 5347 of the PLRV genome. A sgRNA3 of similar
size had been reported in other members of Luteoviridae, such as
the 329 nt sgRNA3 of BYDY-PAV (Koev and Miller, 2000), 220 ntsgRNA3 of SYDV (Yamagishi et al., 2003) and 320 nt sgRNA3 of
BLRV (Domier et al., 2002).
To conﬁrm that PLRV sgRNA3 transcripts are being produced,
qPCR and northern blot analyses were performed on total RNA
extracts from PLRV-infected plants. A signiﬁcant 2.7 fold increase
in RNA transcript was detected by qPCR using primers speciﬁc for
sgRNA3 as compared to those detected using primers speciﬁc for
sgRNA2 (Fig. 2B). These results indicate that sgRNA3 transcripts
are being produced in the PLRV-infected plants at levels similar to
that of sgRNA2. Northern blot analysis is an effective approach to
validate the presence of sgRNA (Varallyay et al., 2007), and a PLRV
30 sequence with a size of 500 nt was detected in PLRV-infected
tissues (Fig. 2C), but not in uninfected tissues. Studies with other
RNA viruses, such as Brome mosaic virus (BMV; Miller and
Rasochova, 1997; Li and Wong, 2006; Marsh et al., 1988), Turnip
crinkle viruses (Wang and Simon, 1997), BYDV (Koev and Miller,
2000) and Red clover necrotic mosaic virus (RCNMV; Zavriev
et al., 1996), have reported that RNA secondary structures such as
stem-loop, pseudoknot, or stable hairpin structures often occur at
the 50 initiation site of their sgRNAs. Analyses of the putative PLRV
sgRNA3 initiation site for potential secondary structures revealed
stem-loop structures found upstream (in the positive sense) of
the putative PLRV sgRNA 50 initiation start site (data not shown).
Comparison of the sequence ﬂanking the PLRV sgRNA3 initiation
start site with genomes of geographically distinct isolates of PLRV
showed they are highly conserved. This region might act as the
favorable binding sites for the speciﬁc recognition by the viral
replicase similar to the high conservation of certain features of
different RNA promoters of BYDV-PAV (Koev and Miller, 2000).
To further characterize the sequences essential for PLRV sgRNA3
transcription, a deletion study of the regions surrounding the
PLRV sgRNA3 will have to be performed (Wang and Simmon,
1997; Koev et al., 1999)
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stretch of homology sequence near the initiation sites (Ashoub
et al., 1998; Koev and Miller, 2000). For example, BYDV-PAV
generates three sgRNAs during infection. The BYDV-PAV sgRNA1
and sgRNA2, as well as gRNA, shared the same hexanucleotides
‘‘GUGAAG’’ at the 50 initiation sites, while the sgRNA3 50 initiation
site lacks the conserved hexanucleotides (Koev and Miller, 2000;
Koev et al., 1999). Both primary sequence and secondary structure
elements, such as stem-loop structures (for sgRNA1 and sgRNA2)
or stable hairpin (sgRNA3) at the BYDV-PAV sgRNAs 50 initiation
site, have been shown to be important for the synthesis Luteovirus
sgRNAs (Miller and Koev, 2000; Koev et al., 1999). In the case of
PLRV, there is no signiﬁcant homology for sgRNAs, with the
exception of an ‘‘ACAAAA’’ sequence element found upstream
(gRNA and sgRNA1) or downstream (sgRNA2 and sgRNA3) of the
50 initiation sites of PLRV sgRNAs. Shortening or lengthening of
this leader sequence containing the ‘‘ACAAAA’’ sequence element
at the 50 terminus of PLRV gRNA and sgRNA1, not only alter the
translation efﬁciency of downstream located genes, but also
altered the ratio of translation of viral products (Juszczuk et al.,
2000).
The RNAs of most plant viruses lack the 50 cap and 30 poly A
tail and must be translated by cap-independent mechanism
(Kneller et al., 2006). Translation of BYDV gRNA and sgRNA1 is
mediated by the base pairing of the 30 untranslated region (UTR)
BYDV cap-independent translation elements (BTE) and the 50 UTR
of gRNA and sgRNA1 to allow translation initiation of viral
proteins (Kneller et al., 2006). Disruption to the base pairing
between these UTRs is detrimental for translation and virus
replication (Kneller et al., 2006; Guo et al., 2001). Unlike the
cap-independent translation elements in the 30 UTR of BYDV-PAV,
translation of PLRV sgRNA1 is regulated by elements located
within the coding sequence of ORF3 and ORF5 (Loniewska-
Lwowska et al., 2009). The disruptions to the 50 leader sequence
of ORF3 and the purine-only region AAAGGAAA (3606–3613 nt)
located within the coding region of ORF3 reduced the translation
efﬁciency of PLRV sgRNA1 (Juszczuk et al., 2000; Loniewska-
Lwowska et al., 2009). The deletion of the 30 terminal of ORF5
(4236–5738 nt) and entire coding sequence of ORF5 (4215–
5738 nt), which encompasses the 50 initiation start sites for both
sgRNA2 and sgRNA3 of PLRV, has been shown to signiﬁcantly
affect the translation efﬁciency of PLRV sgRNA1 (Loniewska-
Lwowska et al., 2009). Similar deletion in the C-terminal of
ORF5 in PLRV has been shown to have a profound impact on
viral movement and accumulation in plant host (Peter et al.,
2008; Peter et al., 2009). This suggests that PLRV sgRNA2 and
sgRNA3 may be involved in the translation, virus movement, and
multiplication in host plants (Loniewska-Lwowska et al., 2009;
Peter et al., 2008; Peter et al., 2009).
All three sgRNAs of PLRV appear to play different roles in virus
replication. PLRV sgRNA1 is the mRNA for coat protein and its
readthrough protein. sgRNA2 is thought to function in luteoviral
transcription regulation, possibly at late stages of viral cycle
(Ashoub et al., 1998). A regulatory role has been postulated for
sgRNA2 and sgRNA3, because both have the capacity to code for
ORF7 protein with nucleic acid binding property, although
sgRNA2 produces relatively small quantities of ORF7 protein
(Ashoub et al., 1998). The transcription start site for PLRV sgRNA2
is located 61 nt upstream of ORF6 and 268 nt upstream of ORF7
(Ashoub et al., 1998), while the transcription start site for PLRV
sgRNA3 is located 18 nt upstream of ORF7 (this study). Previously,
it was shown that PLRV sgRNA2 could serve as template for the
translation of ORF6 and relatively low levels of ORF7 as observed
in the transient expression of ORF6/GUS and ORF6/ORF7/GUS in
protoplasts (Ashoub et al., 1998). Here, we showed that the PLRV
sgRNA3 could serves as an efﬁcient and temporal template for thetranslation of ORF7 in planta through transient expression of the
ORF7/GFP fusion in N. benthamiana leaves (Fig. 4B).
ORF7 protein has been reported to display nucleic acid binding
activity to the PLRV genome (Ashoub et al., 1998). Here, we
showed that ORF7 protein stringently binds the 50 region of the
PLRV genome (1–3303 nt), but not to the 30 region (3500–
5883 nt) (Fig. 4). We also observed that ORF7 protein stringently
binds to the 3’ region of the 50 sequence (1400–3303 nt), and not
the 50 region (1-1328 nt). Incidentally, this 30 region of the PLRV 50
sequence contains an IRES site and the -1 ribosomal frameshift
site that facilitate the expression of Rap1 (Jaag et al., 2003) and
viral replicase (ORF1/ORF2), respectively (Pru¨fer et al., 1992). The
frameshift region might represent the site to which PLRV RNA
templates binds during viral RNA replication by the PLRV repli-
case (ORF1/ORF2) (Pru¨fer et al., 1992). It is possible that the ORF7
protein provides some feedback regulation of the virus by binding
to PLRV RNA genome as previously suggested (Ashoub et al.,
1998).
Our results indicate that the PLRV-derived sRNAs in PLRV-
infected plants covered the viral genome with the exception of
four distinctive gaps, which led to the discovery of sgRNA3 for
PLRV. This is the ﬁrst sgRNA3 identiﬁed in a virus from the genus
Polerovirus and it exhibits several characteristics that suggest a
regulatory role. The ORF7 protein is encoded by both the PLRV
sgRNA2 and sgRNA3 and may provide transcription regulation in
the Polerovirus. This study shows the utility of small RNA
sequencing in detecting regulatory structural features, adds to
the complexity of the Polerovirus genome, and advances our
characterization and understanding of virus regulation.Materials and methods
Plant sources, RNA extraction and sequencing
PLRV-infected potato plants and the healthy potato plants
were maintained in sterile tissue culture and grown at 20 1C and
16 h photoperiod. Total RNA was isolated from two months old
tissues of the healthy and the PLRV-infected potato plants
according to the established protocol of Trizol/Tri-reagent (Invi-
trogen), followed by 2.5 M lithium chloride precipitation, washed
with 70% ethanol and resuspended in RNase free water or TE
buffer. Total RNA for real-time PCR and small RNA sequencing
were extracted from healthy and PLRV-infected potato plants
according to the established protocol of miRNAeasy spin column
(Qiagen). Integrity of total RNA quality was checked with gel
electrophoresis to ensure the quality of RNA isolated, a cDNA
library was generated from an sRNA-enriched fraction from the
total RNA preparation and sequenced with high-throughput
Illumina Genome Analyzer.
Mapping small RNA sequences
PLRV-derived sRNA sequences were identiﬁed using the
Genbank BLAST program against the PLRV genomic sequence
(Canadian isolate, GenBank accession number D13954.1). Library
characterization and mapping to the viral genome were
performed using locally developed Perl scripts. Additional calcu-
lation and statistical analyses were performed using R 2.7.1.
software (R Foundation for Statistical Computing).
Preparation of ﬂuorescein-labeled gene speciﬁc cDNA probes
The reverse transcription reactions were prepared with total RNA
isolated from PLRV-infected plants together with 2 mM random
primer, 10 mM dNTP mix and nuclease-free water. The mixture
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chilled mixture was added to 2 ml 5x ﬁrst-strand buffer, RNAse
inhibitor (Fermentas), and 1 ml M-MLB reverse transcriptase (Fer-
mentas) and distilled water to a ﬁnal volume of 20 ml. The mixture
was incubated for 37 1C for 1 h. For the detection of PLRV genomic
and subgenomic RNAs, a series of RT-PCR fragments were ampliﬁed
using 2 ml of reverse transcription reaction as template DNA, together
with the appropriate forward and reverse primers, in the presence of
0.3 ml 0.5 mM ﬂuorescein-12-dUTP nucleotide mix (Enzo), 0.7 ml
10 mM dNTPs and 0.3 ml with Phusion DNA polymerase (Finzyme).
cDNA probes used for Southern blot analyses were ampliﬁed to
generate a 1278 bp fragment [Probe 1, positions 3954–5232], a 707
bp fragment [P2, position 5176–5883] and 516 bp fragment [P3,
positions 5367–5883] with reverse transcription product in the
presence of forward oligonucleotides of PF1 (50 GCCTCTTCCACC-
TCCTCCGGT 30), PF2 (50 GGAGTTCGAAGCAAACTCAGA 30), PF3 (50
ATGCTGGAGAAGAGAGAGGAAAATGTCAAG 30), together with the
respective backward oligonucleotides of either PLRVsg2R (50 AGTTCT-
TGAATTGCCGGAAACTC 30) [to generate P1] or PR3 (50 GCGGCGG-
GTACCACTACACAACCCTGTAAGAGGATC 30) [to generate P2 and P3].
Preparation of ﬂuorescein-labeled gene speciﬁc RNA probes
For the nucleic acid binding experiments, cDNA encoding the
50 end of PLRV1–3303 fragment was ampliﬁed from a full length
PLRV clone (Franco-Lara et al., 1999) using PF4 (50 GAAGGGTAC-
CACAAAAGAATACCAG GAG 30) and PR5 (GAGAATACTGCAGCCA-
GATAG 30), while the 30 end of PLRV3500–5883 was ampliﬁed from
the full length PLRV clone using PF6 (50 CGGTTTCGACTGGT-
CAGTCGCGTA 30) and PR3 (as above). The PLRV1–1382 fragment
was ampliﬁed from the full length PLRV clone using PF4 (as
above) and PR7 (50 CACATAATTTGGGGAGTGATTCCTGGG 30),
while the PLRV1400–3303 sequence was ampliﬁed from the full
length PLRV clone using PF8 (50 GAGTCGACCGCCGTAAAAGGCCGC
30) and PR5 (as above). The cDNAs encoding different fragments of
PLRV were then cloned into pJET (Fermentas) or pGEM T-easy
(Promega) vectors in the reverse orientation with respect to the
T7 RNA polymerase promoter to yield pJET PLRV1–1328, pJET
PLRV1400–3303, pGEM PLRV1–3303 and pGEM PLRV3500–5883. The
respective PCR fragments were generated with T7 promoters (50
TAATACGACTCACTATAGGG 30) and its corresponding reverse
primers pJET Rp (50 CGACTCACTATAGGGAGAGCGGC 30) or Sp6
(50 ATTTAGGTGACACTATAG 30). These PCR fragments were used
as templates for in-vitro transcription to synthesize antisense
RNA probes labeled with ﬂuorescein-UTP in a reaction mixture
according to the manufacturer (Roche). The ﬂuorescein-labeled
RNA puriﬁed from unincorporated ﬂuorescein-12-UTP nucleotide
mix on Sephadex G-50 (Pharmacia) column.
Real-time quantitative PCR
Absolute quantitative PCR (Lee et al., 2006) was used to provide
initial and quick experimental evidence for PLRV sgRNA3. Total
RNA was extracted using the methods stated above. First strand
cDNA was synthesized using RevertAid H minus First Strand cDNA
synthesis kit (Fermentas) according to the manufacturer’s instruc-
tions for the random hexamer primer method. Primers were
developed to amplify 100 bp of non-overlapping regions of both
PLRV sgRNA2 and sgRNA3. To do this, we used the primers
PLRVsg2F (50 CAATGGTCAGTGGATATCAGC 30) with PLRVsg2R (50
ACCATCCGCTTCACCAACATTC 30) and PLRVsg3F (50 TGGAGAAGA-
GAGAGGAAATGTC 30) with PLRVsg3R (50 TCTTAAGGGTCCCT-
CCCTCGA 30). Reactions were prepared according to the manufac-
turer’s directions using the 2x Brilliant II SYBR Green QPCR Master
Mix (Stratagene) and two-step thermo-cycling with a Mx3005P
(Stratagene). The absolute number of copies of PLRV sgRNA2 andsgRNA3 was determined using the critical threshold values and
extrapolating from a 10-fold serial dilution standard curve for each
sgRNA primer set. The template for the standard curve was the full
length infectious clone of PLRV (Franco-Lara et al., 1999) and it
contained one copy of the area of interest for ampliﬁcation of each
sgRNA. Copy number was based on the average of four reactions
(two independent experiments with two technical replicates).
Healthy potato cDNA and no template (water) were used as
negative controls and to test the primer sets for non-speciﬁc
binding.
Synthesis of chimeric of the PLRV ORF7/GFP construct
The construction of chimeric PLRV ORF7/GFP for transient
expression experiment was performed as follows. The fragment
containing the 50 non-coding leader sequence of sgRNA3 (18 nt
upstream of ORF7), 9 nt coding sequence after the start codon of
ORF7, and 108 nt after the start codon of GFP was digested from
pMA ORF7/GFP-NcoI with BamHI-NcoI and ligated into BamHI-
NcoI digested pGFP (Clontech, GenBank accession number
U17997) to yield pORF7/GFP. The ORF7/GFP fragment was then
digested with BamHI/SpeI from pORF7/GFP and ligated into
BamHI-XbaI-digested pBI 123 to yield pBI123 ORF7-GFP. pBI122
is a modiﬁed version of pBI121 (Clontech) with the removal of
coding sequence of GUS (b-glucuronidase; 5822–7716 nt) and
replaced with BamHI-KpnI-SmaI-SacI. pBI123 is the modiﬁed
version of pBI122 containing the restriction sites NheI, KpnI, XhoI,
AscI, PacI, FseI, SmaI, BamHI, SpeI, XbaI and SacI in an adapter
fragment that was inserted into the XbaI and SacI sites between
the 35S promoter and NOS (nopaline synthase) terminator. Both
pBI122 and pBI123 harbor the NPT II gene for kanamycin
resistance under the control of the constitutive NOS and 35S
promoters.
Northern analysis and non-radioactive chemiluminescent detection
Northern analysis was performed with 20 mg total RNA iso-
lated from healthy or PLRV-infected plants. Samples were dena-
tured by heating at 65 1C for 15 min in the presence of 50%
formamide, 2.2 M formaldehyde and 1x MOPS buffer (40 mM
MOPS, pH 7.0, 10 mM sodium acetate, 2 mM EDTA) and were
separated in a 1.2% agarose–formaldehyde gel. The RNA was then
transferred to Hybond Nþ membranes (Amersham) in 10 X SSC
and UV ﬁxed with 700 mJ/min. Membranes were subsequently
hybridized with at 60 1C for 16 h in hybridization buffer (5x SSC,
0.1% laurosylsacrosine, 0.2% SDS and 1% BSA). PLRV-speciﬁc
sequences were detected using ﬂuorescein-labeled cDNA probes
and the reaction was developed with the chemiluminescent
substrate CDP-star (Amersham) following the manufacturer’s
instructions. The chemiluminescent signal generated by CDP-
star was detected by exposing 10 min to 1 h on Lumi Film. The
size of RNA transcripts was estimated by regression analysis
compared to known RNA markers (Fermentas).
Mapping of the sgRNA3 with 50 RACE and Southern blot analyses
The 50 untranslated region of sgRNA3 of PLRV was determined
using SMARTTM (Switching Mechanism At 50 end of RNA Tran-
script) RACE cDNA ampliﬁcation kit according to the manufac-
turer’s protocol (Clontech). To determine the sequence of the 50
terminal region of the non-polyadenylated PLRV genome, 1 mg
total RNA extracted from PLRV-infected potato tissue was used to
prime ﬁrst-strand cDNA using random hexamer and SMART II A
oligo according to the manufacturer’s recommendations (Clon-
tech). The fragments containing the 50 terminus of PLRV genome
were ampliﬁed using universal primer A mix (UPM), consisting of
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30 s, 58 1C for 30 s and 72 1C for 1 min, followed by one cycle at
72 1C for 5 min. The PCR ampliﬁed products were cloned into pJET
vector (Fermentas) and sequenced at the University of Calgary,
Genomics Facility. The termini of the PLRV sgRNAs were deter-
mined and compared to the genomic sequence of PLRV. To
determine the 50 terminus of sgRNA3, cDNA was primed with
gene-speciﬁc primer PR11 (50 GGTTAGTTTTCTTCAAATTTACGTAC-
CACAGCCTTTGTTC 30) with SMART II A oligo tailed with dGTP.
Southern blots were performed as described below. The 50
RACE PCR products were electrophoresed on 1% agarose gel in 1x
TAE buffer at 4 V/cm. Following electrophoresis, gel was visua-
lized under UV transillumination. Prior to DNA transfer to Hybond
Nþ membranes (Amersham), the gel was processed for 10 min in
depurination solution (250 mM HCl), 25 min in denaturation
solution (1.5 M NaCl, 0.5 M NaOH) and 30 min in neutralization
solution (1.5 M NaCl, 0.5 M Tris–HCl, pH 7.5) with gentle agitation
and rinsed in distilled water between each stage. DNA was then
transferred to Hybond Nþ membranes (Amersham), UV ﬁxed,
subsequently hybridized with the respective ﬂuorescein-labeled
cDNA probes, and chemiluminescent signal was detected as
described above.Bacterial expression of proteins
Primers for amplifying the appropriate ORFs from PLRV for the
construction of pGEX4T-1/ORF7 was as follows: ORF7 (PF13, 50
GGCGGGATCCATGCTGGAGAAGAGAGAGGAAAATGTCAAGAAC 30),
together with the reverse primer (PR3, see above). The ampliﬁed
fragment of ORF7 was digested with BamHI and ligated into
BamHI-digested pGEX4T-1 to yield pGEX4T/ORF7. All constructs
were veriﬁed with DNA sequencing analysis.
To test for nucleic acid-binding activity of ORF7 fusion proteins
were performed using ﬁlter-binding experiments. Towards this end,
GST-puriﬁed fusion proteins were separated by 15% PAGE and
electroblotted onto nitrocellulose membrane as described by estab-
lished protocols (Gramstat et al., 1990). Brieﬂy, nitrocellulose
membranes were washed with 6 M Urea 0.1% NP-40 for 1 h with
two changes of buffer, incubated twice in Buffer A (10 mM Tris–HCl,
pH 7.8, 1 mM EDTA, 50 mM NaCl, 0.2 g/L BSA, 0.2 g/L Ficol, 0.2 g/L
polyvinylpyrrolidone) for 1 h, and incubated with ﬂuorescein-
labeled PCR generated nucleic acids in 15 ml of Buffer A. To avoid
unspeciﬁc binding, the nucleic acid binding experiments of ORF7
were performed under stringent condition of washing with 4 M
urea. After incubation with ﬂuorescein-labeled nucleic acids, mem-
branes were washed with 4 M Urea for 30 min prior to incubated in
Buffer B (10 mM Tris–HCl, pH 7.8, 1 mM EDTA, 200 mM NaCl) for
1 h. Membranes were blocked in 5% (w/v) skimmed milk in Tris
buffer (pH 9.5) and labeled with mouse anti-ﬂuorescein alkaline
phosphatase conjugate (Sigma) at a 1:2500 dilution in blocking
solution for 1 h. Chemiluminescent signal was detected using the
CDP-star detection (Amersham) and the Syngene-G-box documen-
tation analysis system (Syngene, Vancouver).Acknowledgments
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